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High quality single crystals of a ferromagnetic superconductor URhGe were successfully
grown. The electrical resistivity was measured for the field along b-axis in the orthorhombic
crystal structure in order to study precisely its field re-entrant superconductivity which occurs
in the vicinity of the field HR, where the easy magnetization switches from c to b-axis. The
field re-entrant superconductivity of URhGe is analyzed with special focus on its dependence
with the value of residual resistivity ρ0 and the coefficient A of T
2 term of the resistivity. The
experimental results are well explained by a crude model related with the field dependence of
the effective mass m∗, where the corresponding critical temperature Tsc(m∗) and the upper
critical field Hc2 are strongly enhanced. Discussion is made on the interplay between magnetic
and superconducting phase diagram as well as the link between Tsc and A in other heavy
fermion superconductors.
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1. Introduction
Ferromagnetism and superconductivity had been
thought to be mutually competitive phenomena, since
the large internal field easily destroys the Cooper pair for
conventional superconductivity. In 1970s, the supercon-
ductivity was found in 4f -localized ferromagnets, such
as ErRh4B4,1,2 where the superconducting critical tem-
perature Tsc is larger than the Curie temperature TCurie.
Below TCurie, the superconducting phase is expelled, thus
the both phases are competing with each other. In these
systems with two separated electronic bath (localized
4f electrons and light itinerant electrons), the ferromag-
netism is a robust quantity even for TCurie < Tsc. The
discovery of superconductivity in the 5f -itinerant fer-
romagnet UGe2 under pressures was one of the break-
through in the unconventional superconductivity.3 Con-
trary to ErRh4B4, Tsc is lower than TCurie in UGe2 and
the superconductivity exists only in the ferromagnetic
phase on the pressure-temperature phase diagram, where
the superconductivity coexists with the ferromagnetism.
The triplet superconductivity with equal spin pairing is,
therefore, believed, because the large internal field will
not prevent the formation of the Cooper pair.
Other examples for the coexistence of ferromagnetism
and superconductivity are URhGe4 and the recently
found UCoGe,5,6 which crystallize in the orthorhombic
structure with TiNiSi-type. In the case of URhGe, the
ferromagnetic (FM) transition occurs at TCurie = 9.5 K
and its ordered moment is M0 = 0.4µB/U. The super-
conductivity (SC) was found to exist below Tsc = 0.25 K
at ambient pressure.4 The upper critical fields Hc2 are
larger than the Pauli limiting field, thus the spin-triplet
state is most likely realized.7 Striking feature is the field
re-entrant superconductivity (RSC).8,9 With increasing
the magnetic field along the b-axis in the orthorhom-
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bic structure, the moment starts to tilt from the easy
magnetization c-axis to b-axis, and then the ordered fer-
romagnetic moment is completely aligned to the b-axis
above a reorientation field HR = 12 T. The RSC is ob-
served between H1 = 8 and H2 = 12.7 T and detected
in wide range of the field angle around H ‖ b. Thus, this
superconductivity is not due to the so-called Jaccarino-
Peter effect,10 which has been found in the Chevrel phase
compound11 and the organic superconductors, such as
κ-(BETS)2FeBr4,12 where the RSC is due to a compen-
sation of the external field by the internal exchange field.
An enhancement of Hc2 related to the metamagnetic
transition has been observed in the ferromagnetic su-
perconductor UGe2, as well.13 When the magnetic field
is applied along the easy-magnetization axis (a-axis) at
a pressure of P = 1.35 GPa, the ferromagnetic phase
changes from FM1 (weakly polarized phase) to FM2
(strongly polarized phase) at Hx with increasing field.
The Hc2–T phase diagram shows the step-like increase
of Hc2 at Hx and Hc2(0) in FM2 is higher than that
expected in FM1.
Here we report the careful studies on the field depen-
dence of the inelastic T 2 term A of the electrical resis-
tivity ρ by using the high quality single crystals in order
to study the RSC of URhGe. The resistivity follows the
quadratic temperature dependence, namely ρ = ρ0+AT 2
for all the measured field range. The RSC is well ex-
plained by the enhancement of the effective mass m∗.
2. Experimental
The single crystals of URhGe were grown by the
Czochralski pulling method in the radio frequency fur-
nace under purified Ar atmosphere gas with a stoichio-
metric ratio of the starting materials, U (Purity: 3N-
99.9 %), Rh (4N) and Ge (6N). The ingot was annealed
at 1300 ◦C under ultra high vacuum (UHV) for one day.
The single crystal ingot was oriented by the Laue photo-
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Fig. 1. (Color online) Field dependences of the resistivity at con-
stant temperatures in sample #1a, #1b and #2 for the current
along a-axis and the field along b-axis. The solid, dashed and
dotted lines show the data at 72, 200 and 400 mK, respectively.
For sample #2, the data at 830 mK and 1.48 K are displayed as
well. The arrows indicate the reorientation field HR.
graph and was cut by the spark cutter. The samples were
annealed again at 900 ◦C in the electrical furnace under
UHV for 20 days. The electrical resistivity was measured
by the four probe AC method at low temperatures down
to 70 mK and at high magnetic fields up to 16 T. The
electrical current and magnetic fields were applied along
a- and b-axis, respectively. We carried out the resistivity
measurements by using two single crystals. The sample
(#1) with two pairs of voltage contacts (#1a and #1b)
and the other sample with one pair of voltage contact
(#2) are employed. This allows us to compare two sets
of data (#1a and #1b) with different residual resistivity
in the same crystal without misalignment between sam-
ple #1a and sample #1b. The residual resistivity ratios
(RRR = ρRT/ρ0) are 40, 16 and 12, respectively, for sam-
ple #1a, #1b and #2, indicating the high quality single
crystals.
3. Results and Discussion
Figure 1 represents the field dependence of the resistiv-
ity ρ for #1a, #1b and #2 at 72, 200 and 400 mK. For
sample #1a with RRR = 40, the RSC was clearly ob-
served between H1 = 10.7 T and H2 = 14.2 T at 72 mK,
where H1 and H2 are defined as mid points of the drop
of resistivity. At high temperature of 400 mK, the resis-
tivity shows the peak at HR = 13.7 T, corresponding to
the reorientation of the moment. The crystal seems to
misalign slightly from the field direction respect to the
b-axis, because H1, H2 and HR are larger than those
in the previous reports.8,9 The purer sample, i.e. higher
value of RRR, shows the wider superconducting windows
and the higher transition temperatures. It is interesting
to note that for sample #2, only track of SC is suspected
at low field, while rather deeper drop on the resistivity is
observed in a very narrow field window. The same trend
is observed in sample #1b, where the resistivity shows
rather sharp drop due to the RSC, although the step-like
behavior is observed near Hc2 for the low field SC. These
Fig. 2. (Color online) Temperature-field phase diagram of the low
field superconductivity (SC), the re-entrant SC (RSC) and reori-
entation field HR for H ‖ b in URhGe. The circles display the
critical field (temperature) of the superconductivities defined as a
midpoint of the resistivity drop. The triangles correspond to the
reorientation field HR defined as a peak of the ρ(H) curves. The
solid squares are ferromagnetic transition temperature TCurie
cited from Ref. 16. The dark blue (filled symbol), green (open)
and red (half filled) correspond to the results for sample #1a,
#1b and #2, respectively. The lines are guides for eyes.
observation indicates the strict condition for RSC. That
suggests a strong increase of the coherence length in the
RSC phase. On the other hand, the reorientation field
HR are not sensitive to the sample quality. The insen-
sitivity is also a FM property at zero field.4 It is noted
that H1 is more sensitive to the sample quality compared
to H2, indicating that the RSC strongly stick to HR.
Figure 2 shows the superconducting phase diagram
and reorientation field HR. In sample #1a, the up-
per critical field Hc2(0) = 2 T is clearly larger than
the Pauli limiting field Hp = 0.46 T estimated from
Tsc(0) = 0.25 K, indicating that Hc2 is determined by
the orbital limit depending on the effective mass. The
RSC is observed between H1 = 10.7 and H2 = 14.2 T at
72 mK for sample #1a. It is interesting that Tsc(H) for
RSC reaches a temperature of 330 mK at 13.3 T, which
is larger than the value of Tsc(0) = 250 mK at zero field.
This peculiar behavior is consistent with the analysis of
Tsc by the enhancement of effective mass m∗ in Fig. 6 as
discussed later. At high temperatures, the reorientation
field HR starts to decrease with increasing temperature.
Finally, HR seems to be connected to the Curie temper-
ature TCurie = 9.5 K at zero field.
Figure 3 represents the variations of Hc2, H1, H2 and
HR at 72 mK as a function of ρ0, which is inversely
proportional to the mean free path, i.e. ρ0 ∝ 1/l. For
unconventional superconductivity like URhGe, the Tsc
must depend on the variation of the parameter ξ/l be-
tween the superconducting coherence length ξ and l ac-
cording to the Abrikosov-Gor’kov pair breaking mecha-
nism,14 where l must be larger than the coherence length
ξ. The so-called clean limit condition must be satisfied.
Such a dependence has been actually observed in previ-
ous studies on polycrystalline samples15 and single crys-
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Fig. 3. (Color online) Critical fields of superconductivities, Hc2,
H1 and H2, and the reorientation field HR as a function of the
residual resistivity ρ0(H = 0) at 72mK in URhGe. The residual
resistivity is inversely proportional to the mean free path l. The
dark blue circle and red triangle are the critical fields of low
field and re-entrant superconductivities, respectively. The black
square is reorientation field HR. The inset shows the field width
of RSC, ∆HRSC. The dotted lines are guides for eyes.
tals.7 The striking point is that the RSC also collapses
when the low field SC collapses, moreover, the RSC width
∆HRSC strongly depends on ρ0. The suppression of RSC
with lower quality samples indicates that RSC as well as
low field SC are unconventional.
Here we simply estimate Tsc for RSC from strength of
the parameter ξ/l. Since the coherence length ξ is given
by the relation, ξ ∼ ~vF/kBTsc, where vF is Fermi ve-
locity, ξ is inversely proportional to m∗Tsc. If the ξ/l
is assumed to be invariant against the magnetic field,
ξ/l ∝ 1/(m∗lTsc) ∝ ρ0/(m∗Tsc) ∝ ρ0/(
√
ATsc) must
be a constant, we can estimate the extrapolated value
at zero field of the critical temperature T 0sc(m
∗
HR
) for
fictitious quasiparticles of mass m∗HR at H = 0. Here
we assume the Kadowaki-Woods relation between m∗
and A, namely m∗ ∼ √A. From Fig. 4, one can obtain
the ratio (ρ0/
√
A)H=HR/(ρ0/
√
A)H=0 ∼ 1.4 and then
T 0sc(m
∗
HR
) ∼ 1.4T 0sc(m∗H=0): T 0sc(m∗HR) can be estimated
as 350 mK from T 0sc(m
∗
H=0) = 250 mK. Consistent with
this zero field extrapolation, the experimental result in
Fig. 2 indicates Tsc(m∗HR , HR) ' 320 mK for sample #1a,
which is smaller than the evaluated Tsc(m∗HR , H = 0).
As shown in Fig. 4(b), the A coefficient starts to de-
crease slightly and increase again with increasing field.
It has a maximum just below HR, where ρ0 has a max-
imum (Fig. 4(a)), then strongly decreases. The effective
mass may play an important role for the appearance of
superconductivity. Thus we need to evaluate what will
be the SC temperature T 0sc(m
∗
H), assuming that the ef-
fective mass is no more the effective mass at zero field,
m∗H=0, but the mass m
∗
H built by the H dressing of the
quasiparticle.
It is well known that the calculation of Tsc(m∗) is a
difficult task which requires the solution of the Eliash-
berg equation. However, we will show that the RSC in
Fig. 4. (Color online) Field dependence of (a) the residual resis-
tivity ρ0 and (b) the coefficient A on URhGe for sample # 1a, #
1b and # 2. The values are obtained by the least square fit with
ρ(T ) = ρ0 + AT 2 between Tsc and 750 mK. The horizontal line
denoted by Ac in panel (b) corresponds to the square of the band
mass, (mB)
2, using the calculation of T 0sc(m
∗
H) and the detail is
in the text.
URhGe seems to be well explained by a crude model
where Tsc is related to the field variation of the effective
mass m∗H . The simplicity of URhGe comes from its non-
proximity to the ferromagnetic instability; the pressure
(P ) increases TCurie, and decreases Tsc as well as the A
coefficient.17,18 P and H scans show that URhGe cor-
responds to the simple case where the variation of the
A coefficient (basically m∗) and Tsc are coupled, that is,
the enhancement of A leads to an enhancement of Tsc.
The chosen expression of T 0sc(m
∗
H) is
T 0sc(m
∗
H) = T0 exp
(
− m
∗
H
gm∗∗
)
, (1)
where the effective mass m∗H is described by the band
mass mB plus an extra mass m
∗∗ directly related to the
source of SC pairing, namely,
m∗H = mB +m
∗∗. (2)
Assuming g = 1 for simplicity,
Tsc(m∗H) = T0 exp
[
−
(
mB
m∗∗
+ 1
)]
(3)
The expression is based on the McMillan-like formula;19
for FM superconductors, it was theoretically proposed far
from FM instability.20–22 Taking the logarithmic deriva-
tive of eq. (3), it is interesting to remark that Gru¨neisen
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Fig. 5. (Color online)Field dependence of the resistivity on sam-
ple #1a at various temperatures. The numbers of legend indicate
temperatures in the unit of mK. The inset shows T 2-dependence
of the resistivity under magnetic fields of H =9, 10, 11, 12, 13,
15 and 14 T from bottom to top.
parameter for Tsc will be linked to the Gru¨neisen pa-
rameter of the effective temperature TB ∼ 1/mB and
T ∗∗ ∼ 1/m∗∗ as,
ΩTsc =
1
λ
(ΩTB − ΩT∗∗), (4)
where Gru¨neisen parameter is defined as ΩT =
−d(log T )/d(log V ), and λ = m∗∗/mB. If the main phe-
nomena is due to the volume dependence of TB, that is,
the systems are mainly dependent on the ΩTB , Tsc and
TB will go to the same direction. In other word, Tsc will
increase when the band mass mB decreases. Basically it
is the main argument that considering different strongly
correlated electron system from heavy fermion systems
to high Tsc oxides, Tsc scales the inverse of the specific
heat coefficient γ;23,24 basically SC can appear only be-
low the Fermi temperature which is related to γ−1. If
the main phenomena is the volume dependence of T ∗∗,
which is observed in uranium heavy fermion compounds
like UPt3, URu2Si2 and UBe13, the Gru¨neisen parameter
of the SC and normal phases have opposite sign.25 The
same trend is observed in URhGe.
Assuming the relation A ∼ (m∗)2, and that the upper
critical field Hc2(H)T→0 is governed by the orbital limit
for this triplet superconductor, Hc2(H)T→0 is given by
the equation,
Hc2(H)T→0 ∼
[
m∗(H)T 0sc(m
∗
H)
]2
, (5)
one can estimate T 0sc(m
∗
H) and Hc2(H) for a given value
of Ac ∼ (mB)2. Figure 6 represents the predicted H de-
pendence of T 0sc(m
∗
H) and Hc2(m
∗
H) as a function of H
for sample #1a, where Ac = 1.1µΩ cm/K2 is chosen,
corresponding to the hypothesis of a field independent
band mass mB. Following our suggestions,
26 similar cal-
culations were made,27 however, no measurements were
carried out for the field dependence of T 2-law in the re-
sistivity. As shown in the inset of Fig.5, the quadratic
temperature dependence of the resistivity were observed
at high fields.
Fig. 6. (a)Calculated Tsc at zero field and (b)Hc2 as a function
of magnetic field. The solid line in panel (b) indicates the ap-
plied magnetic field. The superconductivity appears under the
condition of Hc2 > H.
Fig. 7. (Color online) Relative field variation of AH/AH∗ of
URhGe (#1a) and CeRu2Si2 as a function of a normalized field
H/H∗. The data of CeRu2Si2 is cited from Ref. 37.
Surprisingly, the predicted Hc2 is in good agreement
with the results of experiments, as shown in Fig. 6(b). Tsc
at HR is enhanced by a factor of 1.7, which is larger than
the estimated value from the field variation of ρ0/
√
A,
as discussed above. Here we note that the T 0sc(m
∗(H))
strongly depends on the chosen value of Ac, namely mB.
When mB increases, the evaluated T
0
sc(m
∗(H)) increases
as well.
URhGe is a good example where the RSC due to the
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spin reorientation can be described by a field enhance-
ment of the correlation, namely enhancement of m∗∗
and invariance of mB. The spin reorientation mechanism
leads to escape from the rigidity of Ising spin dynam-
ics. The fluctuation between c and b-axis component of
the magnetization in the large field range may lead to
a large field window of the mass enhancement, which is
in agreement with the large field region of RSC. Accord-
ing to the neutron scattering experiments for H ‖ b, the
sublattice magnetization for c-axis, Mc starts to decrease
from 8 T and becomes zero at HR = 11.5 T with increas-
ing field.8 On the other hand, the sublattice magnetiza-
tion for b-axis, Mb linearly increases from zero, and be-
comes Mb = Mc at 10.5 T. Finally, Mb is fully polarized
at HR = 11.5 T. It means that the fluctuation between
Mb and Mc starts to develop from 8 T. Simply think-
ing, when Mb = Mc is realized, the magnetic fluctuation
may become maximum, implying the large enhancement
of the effective mass. This may correspond to a maxi-
mum value of A at a field, which is slightly lower than
HR defined as a peak of ρ0, as shown in Fig. 2. A fit of
the resistivity ρ by a T 2 law lead to find another weak
maxima of A for sample #1a and #1b. Its origin is left
to the future study. It may be caused by the intrinsic
effect due to a H crossover between collision and quan-
tum criticality regime or the small misalignment inside
the crystal.
On the other hand, for the other FM superconduc-
tor UGe2, the field change of SC properties corresponds
to a drastic switch in the description of the ferromag-
netism: from perfectly polarized FM2 to imperfectly po-
larized FM1 according to the recent neutron scattering
analysis.28 For UGe2, the Ising character is preserved
at the switch from FM1 to FM2 at Hx, furthermore
this switch is associated with a drop of m∗.29,30 The
key phenomena for SC does not appear in the proximity
to the ferromagnetic-paramagnetic (FM-PM) instability
but in the instability at Px, where the system may switch
from FM2 to FM1. The pressure dependence of Tsc can-
not be related to the pressure increase of γ term from
FM2 to FM1, via an increase of m∗∗ and application
of the eq. (3). Obviously, the main phenomena is either
a change in the Fermi surface topology as discussed in
ref. 31 or another origin of pairing as proposed in the
charge density wave scenario.32,33 At least in the frame
of our model, TB must change on both side of Px. It is
more complicated than the case of URhGe. The drastic
change of Fermi surfaces in UGe2 were reported between
P < Px and P > Pc, but the experimental results be-
tween Px and Pc are still unclear.34,35
It is interesting to compare URhGe with CeRu2Si2,
a heavy fermion compound highly studied for its meta-
magnetic transition at HM where a sharp crossover oc-
curs between a low field paramagnetic phase (PM) and
a high field polarized paramagnetic (PPM) phase at
HM = 7.7 T. Figure 7 shows the relative field variation
of AH/AH∗ in reduced scale of H/H∗, where H∗ cor-
responds to HR and HM for URhGe and CeRu2Si2, re-
spectively. A perfect scaling occurs for H/H∗ > 1, here
both cases are governed by Ising ferromagnetic spin dy-
namics. Below H/H∗ < 1, the systems are quite differ-
ent. However, enhancement of A(H∗) are rather similar,
A(H∗)/A(0) = 1.4 and 2 for URhGe and CeRu2Si2, re-
spectively.
Below HM, microscopic phenomena are now well clar-
ified in CeRu2Si2.36 Antiferromagnetic (AF) correlation
dominates below HM and collapses just at HM, where the
FM fluctuation becomes soft in a narrow field window
centered at HM. As discussed in ref. 38, an interesting
situation would occur, if CeRu2Si2 were SC at H = 0
with H∗c2 > HM. Assuming the switch with the fluctua-
tion from AF to FM, the singlet pairing may be replaced
by the triplet pairing. Unfortunately, the Ising charac-
ter of the AF spin dynamics presumably prevents the
establishment of SC.
Thus the simplicity of URhGe is that the FM mech-
anism is preserved; furthermore as TCurie > Tsc, the P
and H dependence of an unique parameter m∗∗ appears
sufficient to describe the SC properties. Up to now for
AF heavy fermion systems, only H reentrance of AF in
the SC state of CeRhIn5 has been reported;39,40 it cor-
responds to hierarchy between the bare parameters (TN:
Ne´el temperature, Tsc, Hc: critical magnetic field of the
AF–PM boundary and Hc2): Tsc > TN and Hc > Hc2(0);
AF survives the normal phase up to Hc.
An interesting case will be that Hc is lower than
Hc2, when Tsc > TN. That may happen for CeCoIn5
as no AF is detected above Hc2(0), however, a new
low temperature-high field superconducting phase is ob-
served. In the framework of a magnetic scenario, one can
imagine that the persistence of a SC gap inhibits the
transition to PM phase which requires the collapse of
the AF pseudogap; due to the interplay with SC, AF
may be sticked to Hc2(0). Up to now, the main trend is
to neglect the possible magnetic origin, and to consider
that the new phase of CeCoIn5 is the evidence of the
so-called FFLO state predicted four decades ago with a
extra modulation of the order parameter along H.41–43
But still no definitive conclusion emerges from the ex-
periments.44
4. Conclusion
The reorientation of the moment from c to b-axis for
H ‖ b is characterized by an invariance of HR on sam-
ple purity. While the RSC seems to strongly depend as
its low field SC on the sample purity, indicating the un-
conventional nature for both RSC and low field SC. The
T 2 Fermi liquid law of the resistivity is obeyed for all
the field range, the amplitude of the A coefficient has
an enhancement at HR which is interpreted as an en-
hancement of the effective mass m∗. The enhancement
of m∗ appears to concern mainly the effective mass con-
tribution m∗∗ added by the magnetic correlation on the
band mass mB. The increase of m
∗∗ in the vicinity of
HR leads to a strong increase of the superconducting
transition temperature Tsc and of the upper critical field
Hc2 ∼ (m∗Tsc)2. Surprisingly, a crude model assuming
McMillan-type formula for Tsc gives a good description
of the experimental results. It is interesting to mention
that the enhancement of the fluctuation is quite non sym-
metrical with respect to HR. The feedback on SC is the
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asymmetry of RSC boundary by reference to HR. This
property is clearly demonstrated in Fig. 7 by the com-
parison with CeRu2Si2. The difference of re-entrant phe-
nomena between in URhGe and in UGe2 has been dis-
cussed. The particularity of UGe2 is to involve SC pair-
ing between quite different FM phases (fully polarized
and partially polarized). The main phenomena appear
to be the change in Fermi surface topology. At least for
both cases, only FM is considered. For the re-entrant
phenomena on appearance of a new low temperature
and high field phase as observed in so-called Ce115 com-
pounds, the antiferromagnetic fluctuations are dominant
at H = 0. However, a field sweep will reveal the inter-
play between AF, PM, PPM and SC phase. CeRhIn5
appears a simple case where the field re-entrance of AF
disappears since the magnetic critical field Hc collapses
rapidly under pressure. CeCoIn5 is a more intriguing ex-
ample, where AF may be sticked to Hc2(0) over a rather
large P window; as indicated an alternative explanation
is the formation of a FFLO state.
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